A mild method for the diastereoselective Mukaiyama aldol reaction is reported. In the presence of a low catalyst loading of gallium(III) triflate (down to 0.01 mol-%), the transformation proceeds efficiently to afford the corresponding β-hydroxyketones in yields of up to 92%. To the best of our knowledge, this is the first report of a metal triflate acting as a safe and bench-stable slow-releasing source of triflic acid for the Mukaiyama aldol reaction.
Introduction
The β-hydroxy carbonyl functionality is an extremely common feature in many natural products and biologically active molecules.
[1] For the formation of this motif, the Mukaiyama aldol reaction is certainly one of the most notable C-C bond-forming reactions, by focusing on the addition of silyl enolates to aldehydes in presence of Lewis acids. [1a] , [2] Initially mediated by stoichiometric amounts of TiCl 4 , [2a] , [2b] the first catalytic version of this reaction was reported by Bergman and Heathcock in 1989. [3] Subsequently, numerous Lewis acid catalysts conjointly used with chiral ligands have been reported for catalytic asymmetric Mukaiyama aldol reactions. [4] Since the initial studies by Mukaiyama on the TiCl 4 -mediated addition of silyl enolates to aldehydes, many Lewis acid catalysts have been reported to mediate this C-C bond-forming reaction. Some of the Lewis acids used include BF 3 ·OEt 2 , SnCl 4 , Sn(OTf) 2 , Yb(OTf) 3 , or silyl triflates. Yet, moisture sensitivity of these catalysts and the high cost of some of them often restrain their use. In addition, most of the reported reactions were involving the Lewis acid in large amounts or even in stoichiometric amount.
[2d]
The identification of new efficient and green catalysts is an essential concern nowadays. The pioneering work by Olah into Friedel-Crafts reactions identified gallium triflate as a strong Lewis acid. [5] Since then, Ga(OTf) 3 was used for numerous organic transformations and is now considered as a key catalyst for the development of sustainable synthetic processes. [6] Following our studies involving green Lewis acids derived from main group metals, [7] we want to disclose our results using Ga(OTf) 3 at low catalyst loading for an efficient and diastereoselective Mukaiyama aldol reaction. An asymmetric version of this reaction was already described using a high catalyst loading of Ga(OTf) 3 (20 mol-%). [8] Considering the importance of catalytic processes nowadays, there was clearly a need to develop new efficient methods using a much lower amount of catalyst.
Results and Discussion
Our initial studies began with the model coupling of benzaldehyde 2a with propiophenone-derived silyl enol ether 1 using a catalytic amount of Ga(OTf) 3 (Table 1) . First, we screened various solvents at room temperature using 1 mol-% catalyst (Table 1 , entries 1-6). The use of acetonitrile or dichloromethane as the solvent allowed the formation of the desired β-hydroxyketone 3a in excellent yields but low diastereoselectivities after a short reaction time (Table 1 , entries 1 and 2). When the reaction was conducted in diethyl ether or 2-methyltetrahydrofuran, low yields of aldol 3a were obtained due to partial hydrolysis of the silyl enol ether 1 and formation of byproducts such as ethers and acetals (Table 1, entries 3 and 4) . [9] In a protic solvent or in aqueous conditions, the silyl enol ether 1 was rapidly hydrolyzed into propiophenone and only a trace amount of product was observed (Table 1 , entries 5 and 6). Indeed, triflic acid is known to be easily generated from Ga(OTf) 3 in water and the amount of HOTf released in the media causes a rapid decomposition of the silyl enol ether.
[8], [10] The high reactivity observed at 22 °C in either acetonitrile or dichloromethane meant the reaction temperature could be lowered in these solvents (Table  1 , entries 7 and 8), and thus improve the diastereoselectivity (Table  1 , entry 8). The Ga(OTf) 3 loading was then examined in the best reaction conditions, i.e using CH 2 Cl 2 at -78 °C (Table 2 ). Decreasing to 0.2 or 0.1 mol-% did not greatly affect the reaction time, while maintaining good yields (Table 2 , entries 2 and 3). Morever, the diastereoselectivity was significantly improved up to 85:15 (Table  2 , entry 2). Even with a very low catalyst loading of 0.01 mol-%, a very good yield could be obtained, albeit with an extended reaction time ( Table 2 , entry 4). From a practical point of view -mainly for shorter reaction times -0.2 mol-% Ga(OTf) 3 was kept as the optimal catalyst loading and a wide range of aldehydes were tested in the Mukaiyama aldol reaction with propiophenone-derived silyl enol ether (Table 3) . In rare cases, when reactivity problems were encountered, the temperature and/or the catalyst loading were consequently adjusted.
Differently-substituted benzaldehydes reacted smoothly with good yields and selectivities (Table 3 , entries 1-12). For parasubstituted benzaldehydes, yields ranging from 76 to 83% were obtained at -78 °C, along with good diastereoselectivities (73:27 to 85:15) ( Table 3 , entries 1-6). A very good 87% yield was also obtained with the less reactive 4-nitrobenzaldehyde; the low diastereoselectivity was probably due to the increased catalyst loading and reaction temperature (Table 3 , entry 7). However, when an aldehyde bearing a strong electron-donating group was used, such as 4-methoxybenzaldehyde, a complex mixture of aldol and by-products was obtained, rendering the purification very difficult (Table 3 , entry 3). A noteworthy point was the reverse selectivity observed with ortho-substituted benzaldehydes (Table 3 , entries 8-12). Although similar chemical yields were obtained (74 to 92%), major anti isomers were formed.
The reaction proceeded smoothly with 2-naphthylcarboxaldehyde and the product was isolated with a very good yield and a good diastereoselectivity (Table 3 , entry 13). Conjugated aldehydes such as cinnamaldehyde (Table 3, entry 14) and acetylenic aldehydes (Table 3 , entries [15] [16] [17] provided the corresponding aldols in moderate to good yields, though low diastereoselectivities were recorded in the series of acetylenic aldehydes. Our method was further extended to heteroaromatic aldehydes, affording the aldols in good diastereoselectivity, but with poor chemical yields ( Table 3 , entries 18 and 19). For aliphatic aldehydes, the corresponding aldols were obtained in good diastereoselectivities but low yields, due to incomplete conversions in products (Table 3 , entries 20-22). Our reaction conditions were then applied to other silyl enolates 4-9 (Table 4) . Acetophenone-derived silyl enol ether reacted smoothly in the standard conditions, affording the corresponding aldol in high yield (Table 4 , entry 1). Low selectivities were obtained with cyclohexanone and 3-pentanone-derived silyl enol ethers, but the corresponding β-hydroxyketones were nevertheless isolated with moderate to good yields ( 
corresponding vinylogous aldol was obtained in good yield (Table  4 , entry 6). Since Ga(OTf) 3 is known to be easily hydrolyzed, therefore releasing triflic acid in the medium, we cannot rule out that HOTf is the actual catalytic species involved in the process. To discriminate between these two possible reaction pathways, the aldol reaction was carried out in the presence of 2,6-di(tbutyl)pyridine (DTBP), which is known to inhibit any potential Brønsted acid catalysis. [12] In our reaction conditions using DTBP (1.5 equiv. silyl enol ether 1, 1.0 equiv. benzaldehyde 2a, 0.2 mol-% Ga(OTf) 3 , 0.6 mol-% DTBP, -78 °C, 4 h), the aldol reaction was completely inhibited (complete recovery of the starting materials). Additional control experiments were performed with triflic acid. When 0.6 mol-% HOTf was used, only by-products were formed and no trace of the desired β-hydroxyketone 3a was observed. Lowering the catalyst loading of HOTf to 0.2, 0.1 or 0.01 mol-% resulted in the formation of small amounts of aldol 3a (20-40% yield), along with the same by-products. When 0.001 mol % HOTf was used, no reaction occurred. Furthermore, TMSOTf, which could be generated by the protodesilylation of the silyl enol ether, [13] provided the aldol adduct in the same low yield as the one with HOTf. All these results suggest that a Brønsted acid is clearly involved in the process. However, the observation that the yield of the HOTf-catalyzed reaction is lower than with Ga(OTf) 3 suggests that a gallium(III) salt is likely to be involved to some extent as a Lewis acid as well. Probably, a Brønsted acid activation of the Lewis acid is occurring. [14] Moreover, the concentration of HOTf in the reaction medium seems crucial. We assume that the slow release of HOTf from the hydolysis of Ga(OTf) 3 is the sine qua non condition for the reaction to proceed in good yields. Even when CH 2 Cl 2 was systematically freshly distilled over CaH 2 , the residual water content [15] slowly hydrolyzed Ga(OTf) 3 into HOTf. Interestingly, when the model reaction was carried out in the presence of 4 Å molecular sieves, [16] the reaction was completely inhibited and the starting materials were quantitatively recovered. This result lends further support to the argument that slow hydrolysis of Ga(OTf) 3 is essential to the success of this aldol reaction.
Conclusion
In conclusion, we have developed an efficient process that allows formation of aldols in mild conditions with a very low catalyst loading of Ga(OTf) 3 . A wide range of substrates can be used in this diastereoselective Mukaiyama aldol reaction. To the best of our knowledge, this is the first example of a metal triflate acting as a safe and stable slow-releasing source of triflic acid to be reported for the Mukaiyama aldol reaction. HOTf is not benchstable and special care is needed to handle this strong acid. In contrast, Ga(OTf) 3 is a stable white solid that can be easily weighed. Although only moderate stereoselectivities were obtained, Ga(OTf) 3 was demonstrated to be very efficient to get the Mukaiyama aldol reaction to proceed using only very low catalyst loadings (down to 0.01 mol-%). Moreover, both Ga(OTf) 3 and HOTf have never been extensively used as a catalyst for the Mukaiyama aldol reaction, [17] rendering our methodology innovative. Beyond the fact that Ga(OTf) 3 acts as a HOTf surrogate, it also surpasses it in terms of efficiency and cleanliness of the reaction, [18] presumably due to its involvement to some extent as a Lewis acid. Other applications in synthesis will be reported in due course.
Experimental Section

General Information
All reactions were performed in flame-dried 12x75 mm culture tubes under an atmosphere of nitrogen or argon. Dichloromethane (CH 2 Cl 2 ) was distilled from CaH 2 . Solid aldehydes were used as received and liquid aldehydes were distilled prior to use. Gallium(III) triflate was purchased from Strem Chemical.
1 H and 13 C NMR spectra were recorded on a 400 MHz spectrometer in CDCl 3 . For 1 H NMR (400 MHz), tetramethylsilane (TMS) served as internal standard (δ = 0 ppm) and data are reported as follows: chemical shift (in ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad), coupling constant (in Hz), and integration. For 13 C NMR (100 MHz), CDCl 3 was used as internal standard (δ = 77.23 ppm) and spectra were obtained with complete proton decoupling. IR spectra were recorded on a FT-IR spectrometer with ZnSe ATR accessory and are reported in reciprocal centimeter (cm -1 ). Highresolution mass spectra (HRMS) were recorded on an ESI TOF mass spectrometer. Melting points (m.p.) are uncorrected. Flash column chromatography was performed on silica gel (230-400 mesh) and analytical thin-layer chromatography was carried out using 250 μm commercial silica gel plates. Visualization of the developed chromatogram was performed by UV absorbance and/or aqueous potassium permanganate.
Typical Procedure for the Gallium Triflate-Catalyzed Mukaiyama Aldol Reaction
A mixture of Ga(OTf) 3 (0.2-1.0 mol-%) in CH 2 Cl 2 (1 mL) was cooled at -78 °C. Aldehyde (1 mmol) and silyl enol ether (1.5 mmol) were subsequently added to the mixture. The reaction mixture was stirred at the same temperature until the aldehyde was completely consumed (monitored by TLC). The reaction was quenched with saturated aqueous NaHCO 3 (5 mL). The resulting mixture was extracted with ether (3 x 10 mL), and the combined organic layers were dried over MgSO 4 . The solvents were evaporated under reduced pressure (rotary evaporator). The crude product was dissolved in THF (1.5 mL) and 1 M HCl (0.75 mL) was added. The mixture was stirred 15-30 minutes, and was quenched and extracted as mentioned above. The product was purified by chromatography on silica gel (eluent: hexane-ethyl acetate). The syn/anti ratio was determined by 1 H NMR. The diastereoisomers of products 3h-3l, 11 and 15 were separated by silica gel flash column chromatography. , 3H), 3.12 (brs, 1H) 52 (m, 2H), 7.55-7.62 (m, 1H), 7.91-8.01 (m, 2H) . 13 
